One of the possibilities to reduce diesel fuel consumption and at the same time reduce the emission of diesel engines, is the use of alternative gaseous fuels, so far most commonly used to power spark ignition engines. The presented work concerns experimental research of a dual-fuel compression-ignition (CI) engine in which diesel fuel was co-combusted with CNG (compressed natural gas). The energy share of CNG gas was varied from 0% to 95%. The study showed that increasing the share of CNG co-combusted with diesel in the CI engine increases the ignition delay of the combustible mixture and shortens the overall duration of combustion. For CNG gas shares from 0% to 45%, due to the intensification of the combustion process, it causes an increase in the maximum pressure in the cylinder, an increase in the rate of heat release and an increase in pressure rise rate. The most stable operation, similar to a conventional engine, was characterized by a diesel co-combustion engine with 30% and 45% shares of CNG gas. Increasing the CNG share from 0% to 90% increases the nitric oxide emissions of a dual-fuel engine. Compared to diesel fuel supply, co-combustion of this fuel with 30% and 45% CNG energy shares contributes to the reduction of hydrocarbon (HC) emissions, which increases after exceeding these values. Increasing the share of CNG gas co-combusted with diesel fuel, compared to the combustion of diesel fuel, reduces carbon dioxide emissions, and almost completely reduces carbon monoxide in the exhaust gas of a dual-fuel engine.
Introduction
The piston-based internal combustion engine is a heat machine, which is still the most common device for driving motor vehicles and various types of working machines [1] . Currently, internal combustion engines are increasingly used in stationary solutions, in small distributed energy, as a source of propulsion for cogeneration units, generating electricity and heat (CHP) for the needs of the local market [2, 3] . For stationary applications, there is a wide range of internal combustion engines, both spark ignition and compression ignition. Stationary internal combustion engines are very often built as compression-ignition diesel engines, which have a number of advantages compared to spark-ignition engines. The most important of them are: higher reliability, fuel economy, higher power range, longer life, faster response to power demand and higher torque. Diesel fuel obtained from crude oil is a typical fuel supplying compression-ignition (CI) engines. The combustion of this type of fuel is accompanied by the emission of harmful compounds, such as carbon monoxide, carbon dioxide, hydrocarbons, nitrogen oxides and soot [4, 5] . The vision of the depletion of oil resources, and the impact of CO 2 , as a greenhouse gas, on the rise in the average temperature on Earth are widely known. To counteract this, restrictive emission standards, bans on vehicles with combustion engines entering city centers, or EU directives on the use of alternative and renewable energy sources have been introduced [6, 7] . One of the possibilities to reduce the combustion of diesel fuel and at the same time reduce the emission of diesel engines is the use of alternative fuels, so far most commonly used to power spark ignition engines [8, 9] . Most of that type of alternative fuels, however, due to their properties, cannot be burned independently in a compression-ignition engine; therefore, in recent years research has been ongoing on the technology of the co-combustion of alternative fuels with diesel in a dual-fuel engine [10] . Alternative fuels include hydrocarbon gas fuels [11, 12] . The increase in interest in supplying combustion engines with hydrocarbon gas fuels observed in the last several years is caused by two important features of these fuels. The first is the low cost of energy obtained from them. The prices of gaseous fuels on European markets allow obtaining a cost of energy unit at the level of 30-50% in the case of natural gas and 40-60% in the case of liquefied gas, in relation to the cost of the energy unit contained in liquid fossil fuels. The second feature is the favorable ecological properties of gaseous fuels. Natural gas, unlike other fossil fuels such as coal and oil, due to its advantages, is one of the gaseous fuels that are increasingly used in the automotive industry, large energy and local distributed energy based on internal combustion engines [13, 14] . Most often, natural gas is used in compressed form as CNG (compressed natural gas) [15] . CNG is a fuel increasingly used in dual-fuel compression-ignition engines, both naturally aspirated and supercharged [16, 17] . Meng et al. [18] studied the co-combustion of a mixture of diesel fuel and n-butanol with CNG gas in a dual-fuel diesel engine. The use of a mixture of diesel fuel and n-butanol as a dose of pilot fuel was intended to improve engine performance and emissions. Three types of pilot-doses were used in the studies, including B0 (pure diesel), B10 (90% diesel and 10% n-butanol) and B20 (80% diesel and 20% n-butanol). Experiments were carried out for two loads, at different pilot-dose injection angles. Different CNG gas shares were analyzed for each load. For the first load (5 bar IMEP), the share of CNG gas was 60 and 80%. For B10CNG40, the highest thermal efficiency (ITE) and the lowest THC (total hydrocarbons) emissions were obtained with a slight increase in NO x . For B20CNG70, a decrease in NO x emission was obtained due to better homogeneity of the combustible mixture and higher latent heat of vaporization of n-butanol. In the case of higher loads (7.5 bar IMEP), the shares of CNG gas were 60% and 80%. For B10CNG60 and B20CNG60 compared to B10CNG80 and B20CNG80, ITE improvement and reduction of THC emissions were achieved, while the level of NO x emissions remained constant. Ryu [19, 20] conducted research on a single-cylinder, dual-fuel diesel engine fueled with biodiesel and CNG. In that experiment, he used a biodiesel pilot-dose injection to ignite the main charge consist of air and compressed natural gas (CNG). In paper [19] , he studied the impact of pilot-dose injection angle on combustion characteristics, engine performance and emissions at a constant injection pressure of about 120 MPa, and a change in injection angle in the range of 11 • to 23 • before TDC. The results showed that engine performance can be improved by optimizing the start angle of biodiesel and CNG co-combusting. Improvement in performance, including a reduction in specific fuel consumption for low loads, was achieved due to the earlier angle of pilot-dose injection, while for high loads, it was beneficial to delay the injection angle of pilot-dose. The use of biodiesel-CNG dual fuel combustion mode compared to diesel single combustion mode caused a delay in ignition of the charge in the engine cylinder. The ignition delay decreased as the engine load increased. For the dual fuel engine compared to a conventional diesel engine, there was reduced smoke opacity, and NO x and CO 2 emissions. In addition, relatively high CO and hydrocarbon (HC) emissions were obtained, especially under low load conditions, due to the low combustion temperature of CNG. The article [20] presents the results of research on the impact of biodiesel pilot injection pressure on performance and exhaust emissions during co-combustion of biodiesel and CNG. The results show that the indicated mean effective pressure (IMEP) for biodiesel-CNG dual fuel combustion mode is lower compared to Diesel single combustion mode, with the injection pressure increased above 30 MPa. Increasing the injection pressure resulted in a reduction in ignition delay and a reduction of combustion time, as well Energies 2019, 12, 3857 3 of 15 as a reduction of exhaust gas smoke opacity and an increase in NO x emissions. The combustion stability of a dual-fuel engine increased with increasing injection pressure. Bari and Hossain [21] conducted experiments to examine the efficiency of a diesel engine fueled with CNG and diesel in dual-fuel mode, with various proportions of diesel, ranging from 10% to 100%. The tests were carried out for several selected engine loads. The results showed that the co-combustion of CNG and diesel, compared to the combustion of pure diesel, leads to a reduction in engine efficiency (BTE-brake thermal efficiency) and an increase in specific fuel consumption (BSFC). The largest decrease in efficiency and increase in fuel consumption was recorded for the smallest load-1.1 kW. At that load, BSFC growth was 68%. Analyses of exhaust gas composition have shown that the use of CNG to power a dual-fuel engine leads to a reduction in smoke and CO 2 emissions and an increase in CO emissions. The performances and emissions of dual-fuel compression-ignition engines are significantly influenced by the moment of starting the combustion process, which depends on the injection time of the pilot fuel dose and the amount of fuel. Liu et al. [22] studied the emission characteristics of a dual-fuel engine powered by CNG and diesel with the optimization of injection angle and various amounts of a diesel fuel pilot-dose. The results of the experiments showed that the CO emission in the dual-fuel engine was much higher and the NO x emission was on average 30% lower compared to a conventional diesel engine. HC emissions in dual-fuel combustion mode are higher, especially at low and medium loads. In the partial load range, natural gas used in dual-fuel compression-ignition engines very often leads to reduced performance and reduced emissions. In order to eliminate some disadvantages of CNG gas, Karabektas et al. [23] proposed in a diesel-CNG dual-fuel engine, modification of the pilot fuel dose composition by adding diethyl ether (DEE) to diesel fuel. The research concerned the combustion of diesel alone, the co-combusting of diesel with 40% CNG and the co-combusting of diesel and DEE with 40% CNG. The pilot-doses of DEE were 5% and 10%. It was found that the co-combustion of diesel fuel with CNG gas compared to the combustion of diesel fuel alone causes deterioration of engine performance, especially at low and medium loads. In addition, it has higher CO and HC emissions at all loads and lower NO x emissions at high loads. The use of DEE as an additive to a pilot-dose leads to an improvement in thermal efficiency and a reduction in specific energy consumption, resulting in lower CO and NO x emissions.
The present work concerns tests of a stationary compression-ignition engine, adapted for dual-fuel operation, in which diesel fuel was combined with CNG (compressed natural gas). As part of the work, experimental studies were carried out on the impact of the CNG gas's energy share on selected engine operating parameters; i.e., cylinder pressure, pressure increase rate, heat release rate, autoignition delay or combustion time, and an analysis of harmful compounds' emissions in this engine exhaust gas was performed. As part of the presented research, an assessment was also performed, of the stability of operation of a dual-fuel diesel and CNG engine. In the available literature is a lack of sufficient information on that type of analysis. The engine stability, manifested in the uniqueness of subsequent cycles, was analyzed. This was determined on the basis of changes in the value of the uniqueness coefficient of the maximum pressure-COV pmax and the probability density of the occurrence of the maximum pressure-Φ(p max ). The tests were carried out for a wide range of CNG energy shares, from 0% to 95%.
Experimental Methodology

Experimental Setup
The research carried out as part of the study was experimental, in which the object of the study was a single-cylinder, naturally aspirated four-stroke diesel engine, Andoria 1CA90. This engine is a stationary, two-valve unit, with a vertical cylinder arrangement, in which an air-cooling system with an axial fan is used. The engine was designed to work with a constantly maximal load, at a constant rotation speed of 1500 rpm. The engine was adapted for dual-fuel operation by equipping it with an additional CNG gas supply system, injected under a pressure of approximately 3 bar into the Energies 2019, 12, 3857 4 of 15 intake manifold. The Servojet SP051S1 gas injector was operated by an external control system that made it possible to synchronize the injector with the engine and precisely control its opening time. This allowed for correct and even gas injecting during the suction stroke. Based on earlier tests of this engine, it was determined that the optimal diesel injection angle is 17 • before TDC [24] . Figure 1 shows a diagram of a test bench with a test engine, while Table 1 shows the technical data of the 1CA90 engine. The stand was equipped with a system for measuring and recording combustion pressure in the engine cylinder, and systems for measuring the consumption of liquid fuel and gaseous fuel, air consumption, and the contents of engine exhaust components. Table 2 presents the parameters of the exhaust gas analyzer used during the tests. The pressure measurement system consisted of a piezoelectric pressure sensor, load amplifier, crankshaft angle sensor and data acquisition system with an analog-to-digital converter.
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Methodology
During the tests, the engine was operated at full load and rotational speed dedicated to the serial engine. The tests were carried out after thermal stabilization of the engine. The tests were carried out at the factory settings of the serial engine, for which there was no knocking problem. Increasing the energy share of CNG gas consisted of a gradual increase in the gas injector opening time, while reducing the amount of diesel fuel fed. The energy dose of the two fuels supplied to the engine cylinder was kept approximately constant, corresponding to 1500 J per cycle. The main scope of research included recording the value of variable pressure in the cylinder of the research engine, every 1 degree of crank angle for three measurements containing 200 subsequent engine cycles. The program used for recording and analyzing in real time the pressure signal in the cylinder during the engine running used an experimental pressure recording system as a function of the crankshaft rotation angle, based on a data acquisition module with an A/D converter, a piezoelectric pressure sensor and a crankshaft rotation angle marker. In addition, engine speed, air consumption, diesel fuel consumption, CNG gas consumption, air temperature, exhaust gas temperature and ambient pressure and temperature were measured during the tests. The first stage of the experiment concerned the testing of an engine running on diesel alone as a reference fuel. The next, primary part of the work included tests of the engine working in a dual-fuel system, with the engine fed with diesel fuel and compressed natural gas. These studies were conducted for a wide range of CNG energy shares: from 30% to 95%.
Test Fuels
Diesel fuel, offered by the Polish refinery, was used as the reference fuel in the analysis, which is used in combination with liquid hydrocarbons separated from oil lubrication in the distillation processes. The fuel used includes the quality standards defined in the PN-EN 590 standard, applicable on the Energies 2019, 12, 3857 6 of 15 markets of the European Union and are available for motor vehicles equipped with compression-ignition engines. The key parameter of diesel fuel is the cetane number determining the ability of a fuel for auto-ignition under the influence of high temperature. The minimum value of the cetane number of diesel fuel offered on the Polish market, guaranteeing meeting the requirements related to the operation of the engine in various conditions of use, is 51 and is determined by regulations. Another important parameter of motor fuel is the calorific value, which determines the amount of heat released when burning a mass unit or a unit of fuel volume. The calorific value of diesel fuel is about 42.5 MJ/kg. The alternative fuel co-cobusted with diesel was CNG compressed natural gas. In practical applications, CNG is used in both spark-ignition engines and compression-ignition engines. In the CI engine, due to the low cetane number, close to 0, and high auto-ignition temperature (650 • C), a small amount of diesel fuel injection is used to ignite the air and natural gas mixture, whose task is to create self-ignition regions to initiate combustion [26] . The pro-ecological properties of natural gas are due to the fact that its main combustible component is methane-CH 4 , the content of which ranges from 90% to 99% depending on the gas source. Methane is the simplest hydrocarbon, with one carbon atom, widely regarded as a non-toxic component. Due to the fact that in methane has up to four hydrogen atoms per one carbon atom, as a result of its combustion, about 24.5% less carbon dioxide is created compared to traditional liquid fuels [27] . Natural gas also includes hydrocarbons with a lower hydrogen to carbon ratio, such as ethane, propane, butane and pentane. The calorific value of CNG gas, compared to diesel, is higher and amounts to approximately 49 MJ/kg. Table 3 presents the basic properties of diesel fuel and CNG gas, while Table 4 presents the composition of natural gas. In the presented research, the process of co-combustion diesel fuel with CNG gas in a dual-fuel diesel engine was analyzed for CNG energy shares varying from 0% to 95%. The amount of energy in diesel fuel and CNG gas that was supplied to the engine cylinder for one work cycle was approximately constant and close to 1500 J/cycle (Figure 2a ). With the change in the share of both co-combusted fuels, the total mass of fuel, due to different calorific values of diesel and CNG, was different. With the increase in the share of CNG gas, the total fuel mass decreased from 34.88 to 26.61 mg/cycle (Figure 2b ). 
Test Method and Conditions
The study examined the impact of the energy share of compressed natural gas in the air-fuel mixture during co-combustion of this gas with diesel fuel on selected parameters of the combustion process. The energy share of CNG was calculated based on the equation:
where ṁCNG and ṁD correspond to CNG gas and diesel fuel consumption per engine cycle, LHVCNG and LHVD, respectively, represent the calorific values of CNG gas and diesel. The heat release rate (HRR) is one of the indicators characterizing the combustion process in an internal combustion engine cylinder. HRR can be determined on the basis of registered changes in pressure in the cylinder, from the cylinder pressure graph, by calculating the changes in internal energy and the indicated work factor. Heat release rate:
where χ is the ratio of specific heats, V is cylinder volume and p is in the cylinder pressure. The nature of the work of a diesel engine is significantly influenced by the value of the pressure rise rate. The rate of pressure rise dp/dφ was determined:
where p is in cylinder pressure, φ is crank angle and k is a current angle of crankshaft rotation for engine cycle. Based on the combustion pressure charts, characteristic values representative of many individual engine cycles, such as average maximum combustion pressure, can be determined. Changes in these quantities can be calculated using statistical analysis methods and presented as coefficients of variation for the maximum pressure (COVpmax) [28] .
The average value of maximum pressure pmax, determined with the set of pressures, is: 
whereṁ CNG andṁ D correspond to CNG gas and diesel fuel consumption per engine cycle, LHV CNG and LHV D , respectively, represent the calorific values of CNG gas and diesel. The heat release rate (HRR) is one of the indicators characterizing the combustion process in an internal combustion engine cylinder. HRR can be determined on the basis of registered changes in pressure in the cylinder, from the cylinder pressure graph, by calculating the changes in internal energy and the indicated work factor. Heat release rate:
where χ is the ratio of specific heats, V is cylinder volume and p is in the cylinder pressure. The nature of the work of a diesel engine is significantly influenced by the value of the pressure rise rate. The rate of pressure rise dp/dϕ was determined: where p is in cylinder pressure, ϕ is crank angle and k is a current angle of crankshaft rotation for engine cycle. Based on the combustion pressure charts, characteristic values representative of many individual engine cycles, such as average maximum combustion pressure, can be determined. Changes in these quantities can be calculated using statistical analysis methods and presented as coefficients of variation for the maximum pressure (COV pmax ) [28] .
The average value of maximum pressure p max , determined with the set of pressures, is:
where N is the cycle index, p max i is the maximum pressure in individual cycles and i is the cycle number. One of the most commonly used criteria for assessing the correct operation of an internal combustion engine is its cycle-by-cycle variation. As a measure of the cycle-by-cycle variation of the engine, the coefficient of variation for the maximum pressure COV pmax can be taken, expressed as a percentage, and calculated as the ratio of the maximum standard pressure deviation to its average value over many recorded engine cycles.
Coefficient of variation of maximum pressure (COV pmax ) is defined as:
The standard deviation of maximum pressure:
where N is the cycle index and p max is the mean value of maximum pressure of N cycle p maxi . One of the indicators enabling the assessment of the stability of operation of an internal combustion engine may also be the probability density of selected parameters of its operation [29] . The function that allows us to express the probability of obtaining or occurrence of a specific value of the analyzed parameter is the probability density function. The maximum pressure probability density distribution is an indicator of the repeatability (probability of occurrence) of individual p max values obtained for many analyzed test engine work cycles. This function can also be used as an indicator for assessing the stability of an internal combustion engine. It indicates, inter alia, the frequency of occurrence of the most frequently repeated p max value, close to the average value, showing the repeatability of subsequent engine cycles. The p max probability density is a normal (Gaussian) distribution in which the density function is symmetrical in relation to the mean value of the distribution [30] .
Maximum pressure probability density:
Results and Discussion
Combustion Characteristics
The basic source of information about the combustion process in the cylinder of the research engine was the results of pressure measurement expressed in the function of crankshaft rotation. Figure 3a ,b presents the trace of pressure and heat release rates as well as the pressure rise rate in the cylinder of the engine co-combusting CNG with diesel fuel, for the entire range of gas shares, from 0% Energies 2019, 12, 3857 9 of 15 to 95%. It can be seen that when the CNG energy share increases to 45%, the pressure and heat release rate increase, and the combustion pressure in the cylinder of the research engine increases. Increasing the gas share above 45% causes a decrease in p max , HRRmax and dp/dϕ due to ignition delay and prolonged combustion. The maximum value of dp/dϕ = 0.76 MPa/degree obtained for DCNG45 is lower than the value obtained for diesel by 0.27 MPa/degree, and is lower than the permissible value for internal combustion engines of 1 MPa/degree [31] . This proves the lack of so-called hard work, which can be harmful to the engine structure, especially during a long operation. DCNG90 and DCNG95 show a rapid slowdown in combustion and a decrease in the rate of heat release. It can be seen that, for gas shares up to 75%, the dominant phase of the combustion process is the kinetic phase; combustion becomes too slow for larger CNG shares. Figure 3a shows a decrease in pressure in the compression stroke, along with an increase in the share of CNG gas. It results from the decrease in charge temperature in the intake manifold due to expansion of CNG gas from an injection pressure of 2 bar to atmospheric pressure. In addition, the pressure in the engine cylinder during compression is exponentially dependent on the specific heat ratio (which is the ratio of specific heat at constant pressure and constant volume), which for CNG gas is almost twice lower than for clean air. In cylinder combustion pressure, heat release rate (HRR) (a) and the rate of pressure rise (dp/dφ) (b) for co-combustion of CNG and diesel fuel. Figure 4 shows the course of the normalized heat release rate function in the combustion process, as well as the ignition delay and duration of combustion for the analyzed shares of CNG gas co-combusted with diesel fuel. The normalized heat released rate can be used to determine two very important indicators characterizing the combustion process in a piston engine. The first is the auto-ignition delay, which was defined as the time expressed in crankshaft rotation angles, between the injection of diesel fuel pilot-dose until 10% of the total heat was released. The second parameter is the duration of combustion, defined as the time from the release of 10% of the heat until the release of 90% of the heat. The phenomenon of spontaneous combustion is characterized by the initial period in which chemical reactions before ignition play a key role. The so-called chemical delay is counted from the beginning of these reactions. The physical phenomena that cause a delay in the ignition of a diesel engine are as follows: the breakdown of fuel into separate drops, the heating and evaporation of drops, and finally, the diffusion of fuel vapors into the air. The rate of combustion of liquid fuel is determined by the rate of its evaporation and mixing of the atomized fuel with air. The dynamics of these physical and chemical phenomena that occur at the start of the ignition process depend on the temperature. Shorter ignition delay in compression-ignition engines improves engine efficiency (less fuel consumption), improves engine adjustment (more effective control of injection timing), improves engine starting and reduces the pressure rise rate in the combustion process in the cylinder-which reduces operating noise and reduces loads on the crankshaft and piston pin. Based on the graphs prepared, it can be concluded that the addition of CNG gas increases the ignition delay of the combustible mixture in the cylinder of a dual-fuel engine and reduces the total duration of combustion. During the combustion of the mixture with the largest 95% share of CNG gas, compared to the combustion of diesel fuel, a 31.5% increase in ignition delay (ID) and a 55% reduction in the burn duration (BD) was obtained. The increase in ignition delay was caused by the low self-ignition tendency of CNG gas expressed by high auto-ignition temperature and the low, close to 0, cetane number. The reduction in the duration of combustion for significant CNG shares was caused, among other things, by the improvement in the homogeneity of the combustible Figure 3 . In cylinder combustion pressure, heat release rate (HRR) (a) and the rate of pressure rise (dp/dϕ) (b) for co-combustion of CNG and diesel fuel. Figure 4 shows the course of the normalized heat release rate function in the combustion process, as well as the ignition delay and duration of combustion for the analyzed shares of CNG gas co-combusted with diesel fuel. The normalized heat released rate can be used to determine two very important indicators characterizing the combustion process in a piston engine. The first is the auto-ignition delay, which was defined as the time expressed in crankshaft rotation angles, between the injection of diesel fuel pilot-dose until 10% of the total heat was released. The second parameter is the duration of combustion, defined as the time from the release of 10% of the heat until the release of 90% of the heat. The phenomenon of spontaneous combustion is characterized by the initial period in which chemical reactions before ignition play a key role. The so-called chemical delay is counted from the beginning of these reactions. The physical phenomena that cause a delay in the ignition of a diesel engine are as follows: the breakdown of fuel into separate drops, the heating and evaporation of drops, and finally, the diffusion of fuel vapors into the air. The rate of combustion of liquid fuel is determined by the rate of its evaporation and mixing of the atomized fuel with air. The dynamics of these physical and chemical phenomena that occur at the start of the ignition process depend on the temperature. Shorter ignition delay in compression-ignition engines improves engine efficiency (less fuel consumption), improves engine adjustment (more effective control of injection timing), improves engine starting and reduces the pressure rise rate in the combustion process in the cylinder-which reduces operating noise and reduces loads on the crankshaft and piston pin. Based on the graphs prepared, it can be concluded that the addition of CNG gas increases the ignition delay of the combustible mixture in the cylinder of a dual-fuel engine and reduces the total duration of combustion. During the combustion of the mixture with the largest 95% share of CNG gas, compared to the combustion of diesel fuel, a 31.5% increase in ignition delay (ID) and a 55% reduction in the burn duration (BD) was obtained. The increase in ignition delay was caused by the low self-ignition tendency of CNG gas expressed by high auto-ignition temperature and the low, close to 0, cetane number. The reduction in the duration of combustion for significant CNG shares was caused, among other things, by the improvement in the homogeneity of the combustible mixture, which, being homogeneous throughout the cylinder volume, burned more intensively and faster.
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Engine Stability
The combustion engine's stability related to the cycle-by-cycle variation and the misfiring can be assessed on the basis of changes in the value of the coefficient of variation for maximum pressure-COV pmax , and the probability density of the occurrence of the maximum pressure-Φ(p max ). Figure 5a shows the average maximum pressure and the COV pmax coefficient determined for the analyzed shares of CNG gas co-combusted with diesel fuel. Taking the COV pmax factor as an indicator of the stability of dual-fuel engine operation, it can be seen that the most stable operation similar to diesel fuel combustion was ensured by diesel co-combusting with a 30% and 45% energy share of CNG gas (COV pmax ≈ 1.2%). In the case of DCNG45, the highest value of the maximum combustion pressure p max = 5.75 MPa was obtained. Figure 5b presents the probability density of p max for a dual-fuel engine co-combusted diesel fuel with CNG gas. The maximum pressure probability density distribution (Φ(p max )), based on the normal distribution, is an indicator of the repeatability of individual p max values obtained for the 200 analyzed test engine work cycles. Changes in the maximum pressure probability density indicate, among others, the repeatability of the average p max value, which may be an indicator of stable operation of the test engine. In the case of a dual-fuel engine, the highest values of p max probability density were obtained for DCNG30 and DCNG45. They were similar to those obtained during the combustion of diesel alone. The individual p max values obtained, in 200 subsequent engine cycles and in the largest number of cycles, approached the mean value of p max , which proved the best repeatability of subsequent test engine work cycles. Those results confirmed earlier results of the analysis of the stability of dual-fuel engine operation based on changes in the COV pmax coefficient.
the average pmax value, which may be an indicator of stable operation of the test engine. In the case of a dual-fuel engine, the highest values of pmax probability density were obtained for DCNG30 and DCNG45. They were similar to those obtained during the combustion of diesel alone. The individual pmax values obtained, in 200 subsequent engine cycles and in the largest number of cycles, approached the mean value of pmax, which proved the best repeatability of subsequent test engine work cycles. Those results confirmed earlier results of the analysis of the stability of dual-fuel engine operation based on changes in the COVpmax coefficient. Figure 5 . Mean maximum pressure, COVpmax (a), and pressure probability density, Ф(pmax) (b) determined for the CNG shares co-combusted with diesel.
Exhaust Emissions
The test stand built as part of the work in this study enabled the measurement of the content of components in the dual-fuel engine exhaust gas. Concentrations of toxic exhaust components were measured: nitrogen oxide-NO, HC-hydrocarbons and carbon monoxide CO, as well as CO2 emissions. Figure 6a presents the impact of CNG gas on nitrogen oxide emissions. The main types of nitrogen oxides emitted by a piston engine are nitrogen oxide (NO) and nitrogen dioxide (NO2). The formation of nitric oxide in a piston engine is a direct result of the reaction between nitrogen (N2) and oxygen (O2), under the favorable conditions prevailing in the engine cylinder during the combustion process. The combustion processes mainly produce NO, while NO2 is formed by the oxidation of nitric oxide in atmospheric air. The NO2 concentration in the exhaust gas achieves much lower concentrations compared to NO [32, 33] . Increasing the share of CNG co-combusted with diesel fuel causes an increase in nitric oxide emissions. The highest NO emission value of 242 ppm was obtained for DCNG90. The conditions favoring the formation of NO during co-combustion of diesel fuel with CNG gas, whose share varied from 0% to 45%, resulted from the intensification of 
The test stand built as part of the work in this study enabled the measurement of the content of components in the dual-fuel engine exhaust gas. Concentrations of toxic exhaust components were measured: nitrogen oxide-NO, HC-hydrocarbons and carbon monoxide CO, as well as CO 2 emissions. Figure 6a presents the impact of CNG gas on nitrogen oxide emissions. The main types of nitrogen oxides emitted by a piston engine are nitrogen oxide (NO) and nitrogen dioxide (NO 2 ). The formation of nitric oxide in a piston engine is a direct result of the reaction between nitrogen (N 2 ) and oxygen (O 2 ), under the favorable conditions prevailing in the engine cylinder during the combustion process. The combustion processes mainly produce NO, while NO 2 is formed by the oxidation of nitric oxide in atmospheric air. The NO 2 concentration in the exhaust gas achieves much lower concentrations compared to NO [32, 33] . Increasing the share of CNG co-combusted with diesel fuel causes an increase in nitric oxide emissions. The highest NO emission value of 242 ppm was obtained for DCNG90. The conditions favoring the formation of NO during co-combustion of diesel fuel with CNG gas, whose share varied from 0% to 45%, resulted from the intensification of the combustion process in the kinetic phase and the increase in the rate of heat release. However, after exceeding 45%, the increase in nitrogen oxide emissions was the result of an increase in the availability of oxygen in the engine cylinder, unused in the prolonged combustion process. In addition, nitrogen-containing CNG gas increased its concentration in the cylinder and in the engine's exhaust gas. For DCNG95, there was a sudden decrease in NO emissions caused by a decrease in heat release in the disappearing kinetic stage of the combustion process. The intensification of the combustion process, presented by an increase in the heat release rate for DCNG30 and DCNG45, caused, compared to the combustion of diesel fuel alone, a reduction in HC emissions, despite an increase in ignition delay and a shorter combustion process (Figure 6a ). After exceeding the 45% share of CNG gas, there was an increase in hydrocarbon emissions caused by a significant ignition delay and reduced burning time. The increase in THC emissions could be associated with the so-called crevice effect. Under these conditions, the fuel in the engine cylinder has no time to burn the fuel accumulated in the crevices of the combustion chamber (e.g., piston ring gaps). Figure 6b presents the impact of the share of natural gas on CO 2 and CO emissions of a dual-fuel engine powered by CNG and diesel. Research showed that increasing the share of CNG gas co-combusted with diesel fuel, compared to the combustion of diesel fuel, reduces carbon dioxide emissions by about 26% and almost completely reduces carbon monoxide in the exhaust gases of the engine. The reduction in CO 2 and CO emissions was primarily due to the reduction in the total mass of fuel (containing carbon) supplied to the engine per one cycle of operation, due to the higher calorific value of CNG gas compared to diesel. In addition, the natural gas molecule contains less carbon compared to diesel (Table 3 ). Carbon monoxide (CO) is a toxic gas formed in a piston engine cylinder as a result of incomplete combustion of fuel, which may be caused by the lack of homogeneity of the air and fuel mixture [34] . In addition, CO reduction may result from an improvement in the homogeneity of the air and fuel mixture, together with the supply of gaseous fuel. This means that the combustion process in the engine tends to complete combustion, during which carbon monoxide is oxidized to carbon dioxide.
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Conclusions
The use of natural gas to power a compression-ignition engine is one possible way to reduce the combustion of diesel fuel, which is considered one of the main causes of the greenhouse effect. This paper presents experimental research on a CI dual-fuel engine-powered by diesel fuel injected directly into the cylinder, and CNG gas injected into the intake manifold. The energy share of CNG gas co-fired with diesel fuel ranged from 0% to 95%. Based on the analysis of test results, the following conclusions can be made:
Increasing the energy share of CNG co-combusted with diesel in the CI engine from 0% to 45% increases the maximum combustion pressure, increases the rate of heat release and increases 
(i) Increasing the energy share of CNG co-combusted with diesel in the CI engine from 0% to 45% increases the maximum combustion pressure, increases the rate of heat release and increases the combustion pressure. Increasing the CNG gas content above 45% causes a decrease in p max , HRR max and dp/dϕ, due to the significant ignition delay and prolonged combustion. (ii) Co-combustion of increasing amounts of CNG gas with diesel fuel increases the ignition delay of the combustible mixture in the cylinder of a dual-fuel engine and reduces the total duration of combustion. During the combustion of the mixture with the largest, 95% share of CNG gas, compared to the combustion of diesel alone, a 31.5% increase in ignition delay (ID) and a 55% reduction in the burn duration (BD) was obtained. (iii) When assessing the stability of a dual-fuel engine co-combusted diesel with natural gas based on the COV pmax coefficient and pmax probability density, it can be seen that the most stable operation similar to diesel fuel combustion is provided by diesel co-combustion with the 30% and 45% energy shares of CNG. (iv) Increasing the share of CNG co-combusted with diesel fuel causes an increase in nitric oxide emissions of a dual-fuel engine. The highest NO emission value of 242 ppm was obtained for DCNG90. (v) Compared to diesel fuel supply, co-combustion of this fuel with 30% and 45% CNG energy shares, despite the increase in ignition delay and shortening the combustion process, contributes to the reduction of HC emissions. After exceeding the 45% share of CNG, there is an increase in hydrocarbon emissions. (vi) Increasing the share of CNG gas co-combusted with diesel causes, compared to the combustion of diesel fuel, a decrease in carbon dioxide emissions by about 26% and an almost complete reduction of carbon monoxide in the exhaust gas of a dual-fuel engine. 
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